Identification of phosphorus (P)-responsive genes is important in diagnosing the adequacy of dietary P intake well before clinical symptoms arise. The mRNA abundance of selected genes was determined in the intestine, pyloric caeca, and kidney of rainbow trout fed low-P (LP) or sufficient-P (SP) diet for 2, 5 and 20d. The LP/SP ratio of mRNA abundance was used to evaluate the difference in gene expression between LP and SP-fish, and to compare the response to bone and serum P, which are conventional indicators of P status. The LP/SP ratio of intestinal, caecal and renal type-II sodiumphosphate cotransporter (NaPiII) mRNA abundance changed from ~1-2 (d2), to ~1.4-4 (d5) and to ~2-10 (d20). The LP/SP ratio of renal NaPiII, vitamin D 24-hydroxylase, and vitamin D-receptor mRNA abundance correlated inversely with serum P on d5, but not d2 and d20. In another study, differentially expressed genes between LP and SP-fish were examined by subtractive hybridization, confirmed by Northern blot, and evaluated by t-test and correlation with serum and bone P concentrations. About 30 genes were identified as dietary P-responsive at d20, including intestinal meprin and cysteinesulfinic acid decarboxylase, renal S100 calcium-binding protein and mitochondrial Pi carrier, and caecal apolipoprotein E, somatomedin B-related protein, and NaPiII. The LP/SP ratio of mRNA abundance of renal mitochondrial Pi carrier and intestinal cysteinesulfinic acid decarboxylase changed significantly by d2, and intestinal meprin by d5. Hence, these genes and NaPiII are among the earliest steady-response genes capable of predicting P deficiency well before the onset of clinical deficiency.
whole cDNA libraries of the intestine, PC, and kidney obtained from fish fed P-deficient or P-sufficient diet for 20 d. The differentially expressed genes were identified by subtractive hybridization, and about 30 clones were confirmed by Northern blot to be P-responsive. Here we report a set of dietary Presponsive genes in rainbow trout.
Materials & Methods

Fish rearing and feeding
Rainbow trout, Oncorhynchus mykiss, Donaldson strain (initial average body weight SE; 222 11 g, n = 40) were fed either a low-P diet (LP) or a sufficient-P diet (SP) for 20 d at 1.5% of their body weight in a single feeding daily. Each fish in a tank was identified by clipping the tip of ventral fins in different shapes, so that the growth rate of each fish could be determined. Since individual fish vary markedly in feeding rate under ad-libitum conditions, we applied force-feeding to ensure that each fish consumed the same amount. To do this, fish were slightly anesthetized with tricane methane sulfonate (100 mg/L), and feed pellets were directly introduced into the stomach of each fish using a polished glass tube and a plunger. The feeding itself took less than a few seconds per fish. There was no mortality during the experimental period. All fish were treated according to the guidelines of the Institutional Animal Care & Use Committee of the University of Medicine & Dentistry of New Jersey.
The LP and SP diets contained the following ingredients (%, dry basis): commercial trout feed (acid-washed, to remove P) 70; wheat gluten 5; egg albumin 5; wheat flour 10; soybean oil 10. To this mixture were added vitamin & mineral premix 25 g/kg and CaCO 3 30 g/kg. The mixture was divided into two, and NaH 2 PO 4 ·H 2 O 38 g/kg was added to the SP diet, and NaCl 16.4 g/kg was added to the LP diet (to balance Na concentration). The dough was thoroughly mixed, cold-extruded, air-dried, and crumbled to make pellets. The diets had the following analytical compositions (%, dry basis): total P 0.27 (LP) or 1.30 (SP); available P 0.07 (LP) or 0.84 (SP); total Ca 1.82 (LP) or 1.83 (SP). The available P contents were determined separately, following a standard digestibility method using chromic oxide as a marker (45) . The available P content of the SP diet was slightly higher than the minimum dietary P requirement of trout (~0.67%, dry basis) (34). The SP diet served as the control of the LP diet in all measurements.
Tissue collection and RNA preparation
At days 2, 5 and 20 on the LP or SP diet, blood as well as tissues of proximal intestine, PC, and kidney were collected 6 h post feeding from five LP and five SP fish. The proximal intestine is the upper part of the intestine, that is a light-colored and unfolded stretch (approximately 50% in length of the entire intestine), and is easily distinguishable from the distal intestine that is a dark-colored stretch with a spiral-folded lining. Samples of PC were distal two-thirds from the intestinal junction. Pieces of proximal intestine, PC and kidney were briefly rinsed in ice-cold Krebs Ringer Buffer, immediately fixed in RNAlater solution (Ambion, Inc., Austin, TX, USA), and stored at -20ºC for up to three months. Total RNA was extracted from the RNAlater-stored tissues using Trizol reagent (Invitrogen, Carlsbad, CA) and stored at -80ºC until further analysis.
Serum Pi and bone P concentrations of fish fed LP or SP diet were determined to verify the P status of each fish. Blood samples were collected from the caudal peduncle, the serum was separated within 1 h by centrifugation (12,000 x g, 5 min), and stored at -20ºC until analysis (45) . Bone samples (anterior 1/3 of the vertebral column) were collected from fish stored at -20ºC. Fish carcass were briefly heated to 80-90ºC, muscle tissue was removed, the vertebrae was washed in warm tap water, dried, defatted (methanol: chloroform = 1:1, v/v), and re-dried to constant weight. The dried bone samples were ashed (550ºC, overnight), acid-solubilized (hydrochloric: nitric acids, 1:1, v/v), partially neutralized, and analyzed for P (45) .
Study 1: Responses of putative P-responsive genes
The cDNA probes of CYP24 and VDR were made by RT-PCR using degenerate PCR primers (Table 1) designed from the consensus sequences of other animal species using the Clustal-W algorithm. Total RNA (4 g) from proximal intestine, PC, kidney, liver and gills of rainbow trout as well as rat ileum (positive control) was reverse transcribed using M-MLV RT system (Promega, Madison, WI) and oligo-dT 20 primer following manufacturer's protocol, and 1.0 l of this solution was amplified by PCR (Hot Star Taq DNA polymerase, Qiagen, Valencia, CA) at 4.5 mM Mg
2+
. The PCR condition was 95ºC-15min, (94ºC-30s, 65ºC-60s, 72ºC-60s) x 15 cycles with 1ºC decrease per cycle in annealing temperature followed by (94ºC-30s, 50ºC-60s, 72ºC-60s) x 30 cycles at constant annealing temperature. The PCR products of the expected sizes were gel-purified, sub-cloned, and sequenced to verify the identity. Only the renal CYP24 and intestinal VDR were sequenced, since in other animals CYP24 and VDR appear to be conserved sequences among various tissues (1, 26, 46) . The sequences were deposited in the GenBank (Accession: AY526907 and AY526906, respectively). Our repeated efforts to generate the cDNA probe of trout CYP27B1 were unsuccessful. NaPiII and PiUS cDNA probes were prepared previously (45) .
The abundance of CYP24 and VDR mRNA in the proximal intestine and kidney at d2, 5 and 20 was quantified by RT-PCR Southern blot since their low abundance could not be accurately quantified by Northern blots. Total RNA (1 g) from the proximal intestine and kidney were reverse-transcribed (M-MLV RT system, Promega) with oligo-dT 20 primer, and 1.0 l of this solution was PCR-amplified (iTaq DNA polymerase, Bio-Rad, Hercules, CA) at 1.5 mM Mg 2+ using nested primers ( Table 1 ). The numbers of PCR cycles were 30 (intestine) or 20 (kidney) for CYP24, and 20 (intestine) or 15 (kidney)
for VDR. The optimum PCR cycles were determined beforehand using pooled samples. To avoid the risk of reaching the asymptote of amplification plateau, the number of PCR cycles was minimized. To eliminate co-amplification of contaminated DNA, the primers were derived from different exons. The PCR products were separated in a 1% TAE-agarose gel, and Southern transferred onto nylon membrane (Hybond-NX, Amersham Biosciences, Piscataway, NJ) according to a standard protocol (5).
The abundance of NaPiII and PiUS mRNA in the proximal intestine, PC and kidney at d2, 5 and 20 was determined by Northern blot analysis. Total RNA (15 g) in 10 l DEPC water were heated (55ºC-10 min), mixed with 12.5 l of RNA loading buffer, and electrophoresed at 70V for ~2 h in a 1%
agarose-formaldehyde-MOPS gel. The equal loading and the RNA quality were verified by 18S/28S
rRNA abundance (not shown). Any post-adjustment of data based on a housekeeping gene was not conducted since loading was virtually the same. The RNA was transferred overnight with 20X SSC onto nylon membrane (Hybond-NX, Amersham). The RNA of all fish (5 LP and 5 SP) from the same sampling day were compared on the same gel, membrane, and X-ray film to equalize analytical conditions. For PC, NaPiII mRNA abundance was also examined by RT-PCR-Southern procedure (described above) using intestine-type NaPiII specific primers (44) .
The membrane-transferred RNA or DNA were UV cross-linked, and baked (100ºC, 1 h). The membrane was pre-hybridized in FPH solution (5X SSC, 5X Denhardt solution, 50% formamide, 1%
SDS, and 100 µg yeast tRNA per mL) for 2 h at 42ºC, to which cDNA probe labeled with 32 P-dCTP (Rediprime II DNA labeling system, Amersham) was added and hybridized overnight at 42ºC. The membrane was washed once at 42ºC with 2X SSC-0.1% SDS, once at 50ºC and 3 times at 60ºC with 0.1X SSC-0.1% SDS for 30 min each, and exposed to X-ray film (Blue Bio film, Denville Scientific, NJ) at -80ºC for 3 h -3 d. After exposure, the probe on the membrane was stripped off by boiling in 0.1% SDS (3 min 2 times) for re-probing.
Study 2: Screening of P-responsive genes by subtractive hybridization
Total RNA of LP or SP fish (n= 5 each) was pooled, and mRNA was extracted using Oligotex mRNA Kit (Qiagen). The cDNA library construction, adaptor ligation, subtraction, and PCR amplification were performed using Clontech PCR-Select cDNA Subtraction Kit (BD Biosciences, Palo Alto, CA) following manufacturer's protocol similar to Diatchenko et al. (11) .
Briefly, 2 µg of mRNA (5 fish pooled) was reverse-transcribed (M-MLV RT) with custom oligodT primer, double-stranded cDNA was synthesized (RNase H, DNA polymerase I, DNA ligase), and digested (Rsa-I). The digested, blunt ended, double stranded cDNA was divided into two aliquots, each of which was ligated with a unique cDNA adapter. After ligation, excess SP cDNA (without adapters)
were added to each of the two adapter-ligated LP cDNA at 1:30 ratio. The mixtures were denatured at 98°C for 2 m, and allowed to hybridize for 8 h at 68°C to eliminate (hybridize) common transcripts (i.e., mRNAs that were present in both LP and SP near equally or in excess in SP over LP). The second hybridization was conducted by mixing the two aliquots, to which freshly denatured SP cDNA (without adapters) was added, and hybridized at 68°C overnight (this represented a subtracted library of upregulated genes). To screen down-regulated genes (in P restriction), LP and SP above were switched and followed the same protocol. Non- . In some cases, the membranes were also probed with non-subtracted or subtracted cDNA libraries to detect rare transcripts. All probes were labeled with 32 P-dCTP. Dot blot membranes were hybridized in duplicate (one with LP and another with SP cDNA library) to identify differentially expressed genes.
Positive clones, identified by dot blot differential screening, were then confirmed by Northern blot. The true positive clones (defined below) were cultured in LB medium to obtain plasmid DNA, which was then purified (QIAprep Spin Miniprep Kit, Qiagen) and sequenced (ABI BigDye terminator, ABI 3100 Genetic Analyzer). Identities of the genes were examined by aligning deduced amino acid sequences by Blastx (nucleotide-protein translation) algorithm of NCBI. A significance threshold of 1e-3 (E value, NCBI) was applied to identify related genes. Several P-responsive genes were selected out of ~30 P-responsive genes identified above to examine their responses at d2 and d5, as in Study 1.
Statistical analyses
The difference in mean mRNA abundance of a gene between LP and SP fish was analyzed by ttest (five LP fish vs. five SP fish). In addition, the correlation between the mRNA abundance of a putative P responsive gene and serum or bone P concentration (P status indicators) of each fish was examined by linear regression analysis for a total of 10 fish from both diets. This approach considered both individual and diet-induced variation in mRNA abundance. The genes were considered true positives (P-responsive) when the probability value of t-test or regressions was significant (P < 0.05).
Since our study was concerned primarily with differential responses to dietary P concentrations, data were presented as ratios of mean mRNA abundance of LP fish to that of SP fish.
Results
Responses of conventional P-responsive indicators
Percent body weight gain (or loss) from initial weight did not differ significantly between LP and SP fish at any sampling day, indicating that a change in growth rate is one of the slowest responding parameters of P status ( Table 2 ). In contrast, serum Pi concentration between LP and SP fish differed by d 5 (46%, P= 0.002), and by d 20 (98%, P< 0.001). Bone P concentration decreased slightly but significantly by d20 (P= 0.001), but not at d5 (P= 0.28).
Responses of putative P-responsive genes
The sub-cloned trout renal CYP24 cDNA had 70% sequence identity and the translated protein sequence had 83% homology with chicken CYP24 (AAC41266). The sub-cloned trout intestinal VDR cDNA had 80% sequence identity and the translated protein sequence had 71% homology with zebrafish VDR (AAF21427). Based on RT-PCR, CYP24 mRNA was found in the intestine, kidney and liver, but not in PC and gills (Fig. 1A) . The VDR mRNA was found in all tissues studied, including intestine, PC, kidney, liver and gills (Fig. 1B) .
The LP/SP ratio of CYP24 mRNA abundance in the kidney was 1.85 at d5 (P = 0.037), but was 0.67 at d20 (P= 0.025) (Fig. 2) . In the intestine, CYP24 mRNA abundance was independent of diet throughout the duration of the experiment (P= 0.07 at d2). The LP/SP ratio of VDR mRNA abundance in kidney was greatest at d 5 (1.93, P= 0.007), but insignificant from 1.0 at d 2 and 20 ( Fig. 2 ). In the intestine, the LP/SP ratio of VDR mRNA did not differ significantly from 1 at any sampling day. PiUS mRNA LP/SP ratio was 0.84 in the PC on d20 (P= 0.042) and 0.84 in the kidney on d5 (P= 0.008) and 0.89 on d20 (P= 0.003) (Fig. 2 ). In the intestine, PiUS mRNA LP/SP ratio did not differ significantly from 1 (0.84, P= 0.08 on d20).
Dietary P restriction significantly increased the LP/SP ratio of NaPiII mRNA in the proximal intestine (d2 to 20), PC and kidney (d5 and 20) (Fig. 2) . The LP/SP ratio of NaPiII mRNA was greatest in the PC (3.8 at d5 and 10.1 at d20) compared with that in the intestine and kidney where the ratio was moderate (~1.5 -3.0). The RT-PCR-Southern analysis using intestine-type NaPi-specific primers gave similar results to Northern blots (44) , indicating that the rapid response of PC was due to the intestinetype NaPiII. In kidney, NaPiII mRNA abundance was higher at d5 than d20 (P= 0.001).
In the kidney, at d5, serum Pi concentration correlated significantly with LP/SP ratios of CYP24
and NaPiII mRNA abundance but not with LP/SP ratios of PiUS and VDR mRNA abundance (Fig. 3) .
In the kidney, the LP/SP ratio of VDR and NaPiII mRNA abundance was much less variable at d2 and 20 compared with that at d5. At d5, LP/SP ratios of VDR and NaPiII mRNA abundance correlated with one another (Fig. 4 ; d5 correlation P= 0.0007) but not at d2 (P= 0.25) and d20 (P= 0.10).
Screening of P-responsive genes by subtractive hybridization
Approximately 1200 clones, in total, were raised out of the subtracted libraries (up-and downregulated libraries from intestine, PC and kidney), of which approximately 150 candidate positive genes were identified based on the dot blot differential screening. These candidate genes were verified by Northern blot analysis. Some were identified as redundant clones, and some were fish-specific (not Pspecific) responses, and many were false positives. Ultimately about 30 dietary P-responsive genes were identified ( Table 3) . Many of these genes responded only modestly (LP/SP < 2 or >0.5). A known P-responsive gene (NaPiII) was identified in PC, but not in the intestine and kidney. Some additional clones were identified as marginally P-responsive (P< 0.07), including ubiquitin and trehalase in the intestine and C2 domain (CalB)-containing protein and unknown proteins in PC (not shown). carrier, and PC natural killer enhancing factor were also responsive at d2, but not d5.
Discussion
There is currently little information about dietary P-responsive genes in animals. In this study, we chose two strategies to identify P responsive genes: the first tracked changes in expression of genes known to be responsive to P deficiency in mammals, and the second searched for novel P responsive genes using subtractive hybridization. Gastrointestinal and renal tissues were chosen because these tissues assume major regulatory roles in dietary P absorption and homeostasis. The P status of each fish was verified based on conventional indicators (serum and bone P) and then compared with the mRNA abundance of candidate P responsive genes of each fish (for d5 and 20).
NaPiII
In mammals, NaPiII is the gene known to be responsive to dietary P restriction. Previously, we reported that intestinal and renal NaPiII mRNA abundance in trout was up-regulated in chronic (~7 weeks) dietary P-restriction (7, 45). There was, however, no study in fish reporting the time-course changes of NaPiII mRNA abundance in response to dietary P restriction. In the present study, LP/SP ratio of renal and PC NaPiII mRNA abundance in trout increased within five days of dietary P restriction, a time course similar to that demonstrated by mammalian kidney (31). At d 2, intestinal NaPiII mRNA abundance was up-regulated in LP fish, suggesting that the intestine may be the initial responder, even though the magnitude of the intestinal response was only ~ 3-fold by 20 d. In contrast, the LP/SP ratio of NaPi mRNA abundance in the PC was very low initially but dramatically increased at d5 and further increased to 10.1 at d20. This indicates not only that the NaPiII mRNA abundance in the PC is a sensitive indicator of P status, but also that the mechanism of NaPiII regulation in PC may be different from that in the intestine. Since two NaPiII isoforms are present in trout PC (44), we examined NaPiII abundance in PC by RT-PCR Southern blot using intestine-type NaPiII-specific primers (data not shown), which confirmed that the intestine-type NaPiII was responsible for the diet-induced increase of NaPiII in PC.
In the kidney, the LP/SP ratio of NaPi mRNA abundance was high at d 5, but then decreased from d 5 to d 20 ( Fig. 2) , a pattern similar to CYP24 and VDR mRNA in the kidney (Fig. 3) . These genes are apparently synchronizing each other in response to dietary P, but the response appears to be transient. This transient link between NaPiII and the calcitriol-related genes (CYP24 and VDR)
indicates potential regulation of trout NaPiII by calcitriol as in mammals. The promoter of human NaPiII contains a VDRE that binds a 1,25-VDR/RXR heterodimer complex and coregulators to initiate transcription (47) . In young rats, intestinal NaPiII mRNA abundance and Na + -dependent P transport rate increased after calcitriol injection (17, 53) . Also, P deprivation increased CYP27B1 mRNA abundance in rat kidney (54) as well as stimulated CYP27B1 activity to increase calcitriol synthesis (9, 36). These results in mammals show the regulatory role of calcitriol on NaPiII transcription and suggest that the expression of CYP27B1 is critical to NaPiII regulation. In birds, vascular, but not luminal, perfusion of calcitriol rapidly increased intestinal Pi uptake (32). In fish, however, incubating trout intestine (2) or flounder renal proximal tubule cells (25) in a solution containing calcitriol did not affect net Pi transport. In addition, plasma calcitriol concentration in trout did not change after moderate dietary P restriction (8). These results in fish suggest that the role of vitamin D in P homeostasis may be different in fish and mammals. In mammals, other mechanisms by which dietary P regulates NaPiII expression also include hypophosphatemic proteins that alter NaPiII mRNA stability (27, 30), coregulators that alter the rate of NaPiII translation (30), and a P-response element that increases the rate of NaPiII transcription (18) . Thus, NaPiII expression in trout may also involve such calcitriolindependent mechanisms.
NaPiII mRNA was successfully isolated from PC by subtractive hybridization. The isolated region was near the 3'-end of the mRNA, where the sequence was unknown in trout, but known in flounder, zebrafish, and mammals. It was shown to be nearly 10 fold up-regulated (not shown in Fig. 5 ), confirming the result of Fig. 2 that used a different cDNA probe derived from a different mRNA region.
Unfortunately, but not surprisingly, NaPiII was not isolated from the intestinal and renal subtracted cDNA libraries. The present method, according to the manufacturer, requires at least five-fold difference in mRNA abundance to be subtracted efficiently, suggesting that moderately P responsive genes (2-3 fold) might not be recovered in this study. Most genes confirmed as true positives by
Northern blot were only moderately P-responsive, indicating that other moderately P-responsive genes (< 2 fold) may have been missed.
CYP24
The CYP24 mRNA sequence has not been reported previously in any fish species except as ESTs in pufferfish and zebrafish having sequence similarity to CYP24. The presence of CYP24 mRNA in trout intestine, kidney and liver highlights the importance of these tissues in vitamin D and most likely, also P metabolism. However, it is not clear to us why only renal but not intestinal CYP24 mRNA abundance would change in response to dietary P, and why renal LP/SP ratio would increase on day 5 but then decrease on day 20.
VDR
Fish VDR mRNA sequences have been reported in zebrafish and flounder; however, the functional roles have not been studied. In trout, VDR mRNA appears to be widely distributed in a variety of tissues. In flounder, VDR mRNA was reported to be omnipresent, but not in the liver (46) . In chicken, however, trace amount of VDR mRNA were reported in liver (26). The VDR is a zinc-finger transcription factor regulating the expression of several genes. The VDR, once liganded with calcitriol, forms a heterodimer complex with RXR, which then binds to VDRE in the promoter region of target genes, and, along with several coregulators, initiates or suppresses their transcription (4, 35). In chickens and rats, a low P diet increased VDR gene expression in the intestine (28, 43). The increased expression, however, was modest in magnitude, brief in duration and limited only to intestinal tissues (43). In trout, intestinal VDR mRNA abundance was apparently independent of diet at all times while renal VDR mRNA increased significantly at d5 (~2 fold) but not at d2 or d20. Because this transient pattern seemed synchronous with those of changes in NaPiII and CYP24 mRNA abundance, signaling mechanisms regulating these three genes may be linked to each other. However, there has been a recent report that dietary P-induced changes in expression of NaPi mRNA and protein as well as Pi transport were observed in VDR-null mice (42).
PiUS
PiUS, known as inositol-hexakisphosphate (IP6) kinase, has ATP synthase activity and transfers
Pi from diphosphoinositol pentakisphosphate (PP-IP5) to ADP to form ATP. The reverse reaction catalyses formation of PP-IP5 from IP6 using ATP (16, 48) . Thus, PP-IP5 is thought to be a form of energy currency similar to creatine phosphate, but may act as a localized energy source (39, 41). In rats, dietary P restriction (7 d) up-regulated intestinal PiUS mRNA abundance (~2 fold) and Pi uptake rates (~2 fold) (17) . In trout, PiUS mRNA in the intestine and kidney increased slightly with moderate dietary P restriction (45) , whereas in the present study PiUS mRNA in PC and kidney decreased slightly with more sever dietary P restriction. The modest response of PiUS to dietary P may imply that its role in P homeostasis is minor or indirect.
Other P-Responsive Genes S100 calcium binding protein A11 (S100A11) was the most responsive gene identified by subtractive hybridization at day 20. At d 2 and 5, however, S100A11 mRNA abundance did not differ between LP and SP fish (t-test P = 0.08 and 0.12, respectively), suggesting that S100A11 may be an excellent marker of chronic P deficiency, but it is not an acute (immediate) responder to dietary P restriction. S100A11 appears to be involved in endocytosis and phosphorylation of annexin 1 (12), but its role in P metabolism is unknown. Although the amino acid sequence had the highest homology to S100A11 (65%), homology to other S100 proteins was also high (e.g., A13, A1, P). This suggests that the identity of this P-responsive gene may be another homologous S100 prtoein or that it is a novel S100
protein.
The sequence also contained a conserved domain of S100 "intestinal" calcium binding protein (ICaBP) based on Blastx algorithm. However, the homology to calbindins, known intestinal calciumbinding proteins whose expression is inducible by calcitriol, was low (< 45%). Obviously the identity of this P-responsive gene must be determined.
Renal mitochondrial Pi carrier mRNA was up-regulated 3-fold at d20 of dietary P-restriction.
The response at d 2 was also significant (P= 0.0005), and almost significant at d 5 (P = 0.10). This protein transfers Pi from cytosol to mitochondrial matrix for use in oxidative phosphorylation. In mammals, chronic P deficiency is known to decrease ATP concentration in skeletal and cardiac muscles as well as kidney (19) . Thus, an adaptive increase in renal mitochondrial Pi carrier expression imply a vital compensatory response under conditions of P deprivation.
Meprin 1A was another P-responsive gene that was highly up-regulated in the intestine and moderately up-regulated in PC. The up-regulated response in the intestine was already significant by d 5 (P= 0.009). Meprin is a brush border metalloendopeptidase capable of hydrolyzing a variety of peptide and protein substrates. Another intestinal brush border peptidase, dipeptidyl-peptidase IV, was also highly up-regulated in fish fed LP diet. The role of these peptidases in P metabolism is not known but it might be interesting to know why intestinal brush border peptidases increase markedly during P deficiency.
Cysteine sulfinic acid decarboxylase-like mRNA abundance in the intestine and PC increased by P restriction. Other cysteine-related genes, including s-adenosyl-homocysteine hydrolase in the PC and cysteine-rich protein in the intestine, also altered the mRNA abundance in 20 d of dietary P restriction.
It is not clear, however, how these seemingly related responses are linked to P metabolism. Apolipoprotein E mRNA appears to be moderately down-regulated in PC at d 5 and 20. Dietary lipoprotein metabolism has not been studied in fish. In dogs, chronic dietary P restriction increased the levels of serum phospholipids, triglycerides, total cholesterol and low-density-lipoprotein (LDL) cholesterol (20) . Serum levels returned to normal after P repletion. The markedly elevated LDL levels in P-deficient dogs was due mainly to an increase in levels of lipoproteins lacking apoB but high in apoE content (20) . From this it can be inferred that decreased apoE mRNA in P-deficient trout may be due to increased serum LDL enriched with apoE and consequential feedback inhibition of apoE de novo production.
Dietary P restriction increases blood collagen concentrations in pigs due to bone resorption (23).
In trout kidney, P deficiency was associated with decreased collagen-related gene expression, suggesting a possible feedback regulation of collagen synthesis in a catabolic state. In the present study, several unknown genes, whose sequence did not match any genes of any species, were also detected as Presponsive. Future studies should identify and characterize the function of these unknown genes.
Early-response / transient genes
A biomarker for P deficiency must be directly linked to P metabolism and not arise from secondary symptoms evolving from chronic P deficiency. In mammals, P deficiency and hypophosphatemia cause various metabolic disorders, including cellular hypoxia, erythrocyte dysfunction, glucose intolerance, necrosis of skeletal muscle, myocardial dysfunction, central nervous system dysfunction, and osteomalacia (14, 19) . In fish, chronic dietary P-deficiency typically causes decreases in growth (N retention), feed efficiency, appetite, bone strength, bone Ca, bone P, and plasma Pi, as well as increases in body fat and bone deformity (22, 34) . Expression of genes not directly related to P metabolism must already be affected by the time these severe clinical symptoms are evident. We used the d20 samples to minimize nonspecific genetic responses resulting from secondary symptoms of chronic P deficiency. At d20 of consuming LP diet, growth rate of trout was not yet affected, whereas bone P concentration was just slightly affected. Moreover, after 20 d but not 2 or 5 d of LP consumption, in vitro intestinal Pi uptake rate increased (44) . Although serum Pi concentration decreased after only 5 d of LP consumption, the change might not reflect P status of fish because serum
Pi is known to be dependent on the immediate dietary P intake, fasting time and various other factors (19) . Thus, it is not appropriate to rely on serum Pi alone.
Although d20 was chosen to screen dietary P-responsive genes, many genes responded in a time- 
Other differential gene expression methods
To our knowledge, this is the only study that used the subtraction method to screen P-responsive genes. Other less time-consuming methods were initially considered. Microarray was found to be inappropriate because it was not yet well developed for trout or salmon. Existing salmonid arrays did not contain critical genes in P metabolism (e.g. NaPiII). Arraying the subtracted library of trout is an expensive option awaiting further development and collaboration. Differential display PCR may be appropriate to identify a few responsive genes, but screening a whole library is a less practical option.
Conclusion
Little is known about dietary P-responsive genes in animals. In addition to genes known to be associated with P metabolism, we found in trout dietary P-responsive genes not previously known to be associated with P deficiency. However, it is evident from this and other studies that the profile of earlyresponse genes could be very different from that of late-response genes. Thus, different duration/severity of P restriction and different tissues should be examined to obtain a time-dependent profile of P responsive genes, and to increase our understanding of the signaling mechanism involved in dietary P deficiency and homeostasis. The mRNA abundance was determined by Northern blot analysis. The genes were considered Presponsive when t-test (5 LP vs. 5 SP fish), or correlation (serum or bone P vs. mRNA abundance, n= 10 fish) was significant (P< 0.05). 
